Phosphatase and tensin homolog (PTEN) is involved in a number of different cellular processes including metabolism, apoptosis, cell proliferation and survival. It is a redox-sensitive dual-specificity protein phosphatase that acts as a tumor suppressor by negatively regulating the PI3K/Akt pathway. While direct evidence of redox regulation of PTEN downstream signaling has been reported, the effect of PTEN redox status on its protein-protein interactions is poorly understood. PTEN-GST in its reduced and a DTTreversible H 2 O 2 -oxidized form was immobilized on a glutathione-sepharose support and incubated with cell lysate to capture interacting proteins. Captured proteins were analyzed by LC-MSMS and comparatively quantified using label-free methods. 97 Potential protein interactors were identified, including a significant number that are novel. The abundance of fourteen interactors was found to vary significantly with the redox status of PTEN. Altered binding to PTEN was confirmed by affinity pull-down and Western blotting for Prdx1, Trx, and Anxa2, while DDB1 was validated as a novel interactor with unaltered binding. These results suggest that the redox status of PTEN causes a functional variation in the PTEN interactome. The resin capture method developed had distinct advantages in that the redox status of PTEN could be directly controlled and measured.
Introduction
PTEN is a dual specificity phosphatase that has attracted significant interest from the biomedical research community over the last two decades. The PTEN gene is mutated in many cancers and its phosphatase protein product has been implicated as a negative regulator of the PI3K/Akt pathway [1] [2] [3] [4] . PTEN dephosphorylates the signaling intermediate PtdIns (3, 4, 5 )P 3 (phosphatidylinositol-3,4,5-bisphosphate) to PtdIns(4,5)P 2 (phosphatidylinositol-4,5-bisphosphate), suppressing the PI3K-dependent signaling cascade that leads to the activation of the intracellular protein Akt (also known as protein kinase B, PKB) [5] . The activation of Akt triggers the signal responsible for the modulation of many cellular functions, including cell cycle regulation, cell growth, apoptosis, angiogenesis, protein synthesis, transcription and proliferation [6] [7] [8] [9] . It has been reported that PTEN phosphatase activity is inactivated when treated with oxidizing agents in vitro, as well as in cells exposed to oxidative stress conditions [10] [11] [12] . Reversible inactivation of PTEN has been shown upon hydrogen peroxide oxidation, which results in the formation of a disulfide bond between Cys71 and Cys124 in the N-terminal phosphatase domain of the protein [11] . PTEN protein interactions play an important role in the function of PTEN beyond its simple phosphatase activity [8] , and it has been suggested that as well as affecting catalytic activity, this oxidation of PTEN might also modulate its ability to interact with its binding partners, thereby affecting downstream signaling [13] . However, few studies to date have described the Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/freeradbiomed effect of altered redox status on the signaling pathways and protein-protein interactions of PTEN.
Several different techniques have been used to characterize the PTEN interactome over the last two decades, and have produced both high-throughput and low-throughput data [14] [15] [16] [17] . Previous research in mammalian cells treated with H 2 O 2 has shown increased binding of DJ-1 (also known as Parkinson disease 7, PARK7) to PTEN, reduction in PTEN catalytic activity, and enhanced phosphorylation of Akt [18] , resulting in increased cell proliferation and apoptosis. Similarly, the association between thioredoxin (Trx) and PTEN has been shown to be redox-regulated [19] . Trx plays an important role in the re-activation of PTEN in vivo after H 2 O 2 treatment and has been demonstrated to be even more efficient than glutathione or glutaredoxin in the reduction of oxidized PTEN [10] . The interaction between PTEN and peroxiredoxin-1 (Prdx1) has also been proposed as a possible mechanism to protect PTEN from hydrogen peroxide-induced inactivation, thereby preserving its tumor suppressing function [20] . Generally, these studies suggest that there could be a correlation between cellular redox status and the regulation of specific PTEN proteinprotein interactions. This relationship needs to be investigated further, as such mechanisms are likely to be involved in the modulation of tumorigenesis and stress-related cellular processes.
Mass spectrometry (MS) methods used in combination with affinity capture-based experiments are a valuable and well-recognized tool to investigate protein-protein interactions [21] . Along with data providing evidence of protein identity, accurate information on protein abundance is also required to generate high-throughput proteinprotein interaction datasets. Methodologies based on in vivo isotope labeling are a common choice for absolute and relative quantification of protein-protein interaction data [22] and offer the advantage of minimal errors in the final quantification, but present a number of significant limitations, including amenability of certain cell lines to grow in modified media, labeling-induced artifacts, and limited availability of required reagents [23] . Recently, label-free methods have become more popular in the field of LC-MS-based interactomics [24] . These do not require additional sample manipulation steps, and represent a fast, straightforward, and relatively cost-effective method to perform comparative analysis between different protein mixtures in complex biological samples. New generation label-free in silico solutions rely on accurate feature intensity-based quantification and are capable of processing large amount of high resolution data [25] . Over the past few years, complex proteome-wide data such as those generated from biomarker discovery and protein-protein interactions studies, have been analyzed by proteomics researchers using labelfree quantification, with accurate and reliable results [26] .
We hypothesized that oxidative-induced inactivation of PTEN would modulate the ability of the protein to bind its interacting partners, thus altering its interactome. To investigate this, a GSTtagged fusion PTEN was immobilized on a glutathione-sepharose resin and challenged with HCT116 cell lysate for the affinity-capture of the interactions. Using label-free quantitative LC-MS/MS, we compared the abundance of the binding proteins between reduced and oxidized PTEN. In addition, the method described identified a number of putative novel protein-protein interactions that contribute to shedding a light on the possible involvement of PTEN in several cellular processes of current interest.
Materials and methods

Reagents
All reagents were purchased from Fisher Scientific (Loughborough, UK), unless otherwise indicated. All solvents were of LC-MS grade and Milli-Q water was used at all times. Monoclonal antibodies against Trx (ab16965) and Anxa2 (ab54771) were purchased from Abcam (Cambridge, UK). Monoclonal antibodies against Prdx1 (D5G12), DDB1 (D4C8) and PTEN (26H9) were purchased from Cell Signaling Technology. HRP-linked anti-mouse IgG secondary antibody was purchased from Santa-Cruz (sc-2031) and HRP-linked anti-rabbit IgG was from Cell Signaling Technology (7074S). Enhanced chemiluminescence (ECL kit) was from Pierce, Life Technologies, Paisley, UK. Reduced L-glutathione, methionine, 3-O-methylfluorescein phosphate (OMFP) cyclohexylammonium salt, bovine serum albumin (BSA), bromophenol blue and SDS-PAGE Sample Buffer Laemmli 2 Â concentrate were supplied by Sigma-Aldrich Chemical Co., Dorset, UK. 3-O-methylfluorescein (OMF) was obtained from Apollo Scientific, Denton, UK.
Expression and purification of PTEN
Glutathione S-transferase (GST)-PTEN cDNA was cloned into the PGEX-4T1 plasmid. Escherichia coli DH5α calcium chloridecompetent cells (100 μL) were transformed with 1 μL of 47.6 ng/μL PGEX-4T1-PTEN-GST expression plasmid DNA by incubating on ice for 30 min, heat shocking at 42°C for 90 s, followed by another incubation on ice for 2 min. The transformed cells were then incubated at 37°C for 1 h in a shaking incubator (Infors AG, Bottmingen, Switzerland) at 180 rpm, and plated onto sterile LB-agar containing 100 mg/mL ampicillin sodium salt (Sigma-Aldrich Chemical Co., Dorset, UK). Following incubation overnight at 37°C, isolated bacterial colonies were picked from the plate and precultured in 10 mL of LB Broth medium supplemented with 100 mg/mL ampicillin at 180 rpm for 16 h at 37°C. Cultures were grown in 1 L LB Broth supplemented with 100 mg/mL ampicillin at 37°C and at 180 rpm in a shaking incubator (MAXQ 8000, Thermo Scientific, Hemel Hemstead, UK) until the optical density at 600 nm (OD 600 ) reached 0.5-0.6, at which point isopropyl-β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM to induce protein expression, and the cultures grown for a further 24 h at 23°C.
The cells were harvested by centrifugation at 4645g for 20 min at 4°C. Pellets were resuspended in 50 mM Tris pH 7.4 supplemented with EDTA-free protease inhibitor cocktail (Catalog no. 11 873 580 001, Roche Diagnostics GmbH, Mannheim, Germany), the suspension was centrifuged at 4800g for 20 min at 4°C, the supernatant removed and the pellet stored at À 20°C. The cells were lysed in 50 mM Tris pH 7.4 containing 2 mg/mL lysozyme, 2 mM EDTA, 2 mM DTT, 1% Triton, and supplemented with EDTA-free protease inhibitor cocktail by ultrasonication (UP50H, Ultrasonic processor, Hielscher ultrasound technology) for 5 cycles of 1 min pulsing and 2 min resting on ice, and finally with a Potter homogenizer until the suspension no longer appeared viscous. The homogenized suspension was centrifuged at 4°C for 45 min at 14,800g and the supernatant removed and filtered through a 0.45 mm syringe filter (Millex s Syringe-driven filter unit, Millipore, Watford, UK). The GST-tagged PTEN was purified with a gravity flow column packed with 5 mL of glutathione sepharose 4B beads (GE Healthcare, Little Chalfont, UK) previously equilibrated with 50 mM Tris pH 7.4, 140 mM NaCl, 2.7 mM KCl (Tris column buffer). All purification steps were performed at 4°C. The filtered cell extract was loaded onto the column and allowed to flow through by gravity. A series of reducing saline wash buffers were then loaded onto the column in the following order: 25 mL of Tris column buffer containing 1% Triton X-100 and 2 mM DTT; 40 mL of Tris column buffer containing 2 mM DTT; 40 mL of 50 mM Tris pH 7.4, 500 mM NaCl, 2.7 mM KCl, 2 mM DTT. The protein was eluted by overnight incubation of the column in 50 mM Tris pH 7.4, 20 mM reduced L-glutathione, 250 mM NaCl, 2 mM DTT, and an equal volume of glycerol was added to the eluent for storage at À 80°C. Prior to use the protein was buffer-exchanged in 20 mM 
Preparation of PTEN affinity capture column and protein capture
The untreated and oxidized/DTT-recovered samples of PTEN-GST (100 mg protein each) were diluted in 500 mL of wash buffer (20 mM Tris pH 7.4, 0.1 mM EDTA, 100 mM NaCl) supplemented with 100 mM DTT; the oxidized PTEN-GST (100 mg) and a GST control (100 mg) were diluted in 500 mL of wash buffer without DTT. 100 mL of glutathione sepharose 4B slurry (GE Healthcare, Little Chalfont, UK) was sedimented by centrifugation at 500g for 5 min. The glutathione sepharose beads were extensively washed with wash buffer and stored at 4°C. The bait proteins (GST or PTEN-GST) were immobilized on the glutathione sepharose beads by incubation with the protein solutions at 4°C for 3 h. The beads were then washed once with wash buffer, and then 1 mL of HCT116 cell lysate derived from approximately 5 Â 10 7 cells was incubated with each of the immobilized bait proteins and a control consisting of glutathione sepharose beads only, at 4°C overnight on an end-over-end mixer. Subsequently, the beads were washed with 500 mL of 20 mM Tris pH 7.4, 0.1 mM EDTA, 300 mM NaCl, 0.5% NP-40 to remove non-bound proteins. For reducing gels the bound proteins were then eluted by boiling in SDS-PAGE Sample Buffer Laemmli 2 Â concentrate, or for non-reducing gels in 2 Â non-reducing SDS sample buffer (125 mM Tris pH 6.8, 4% SDS, 15% glycerol, 0.01% bromophenol blue), and analyzed by SDS-polyacrylamide gel electrophoresis followed by staining with Coomassie Brilliant Blue.
Protein digestion
Gels run under reducing conditions were stained with InstantBlue (Expedeon, Cambridge, UK), to visualize the lanes prior to further processing. The gel lanes corresponding to the bead control, the GST control, the untreated (reduced) PTEN-GST and the oxidized PTEN-GST samples were then each cut into 12 slices. The gel pieces were washed twice with 500 mL 100 mM NH 4 HCO 3 and twice with 100 mM NH 4 HCO 3 /50% acetonitrile. Reduction was performed adding 10 mL of 45 mM DTT to 150 mL NH 4 HCO 3 and incubating at 60°C for 30 min. Cysteine alkylation was performed by adding 10 mL of 100 mM iodoacetamide and incubating at room temperature for 30 min in the dark. The gel pieces were washed in 100 mM NH 4 HCO 3 /50% acetonitrile and incubated in 50 mL of 100% acetonitrile for 10 min. The gel pieces were then dried completely in a centrifugal evaporator and resuspended in 25 mL of 0.1 mg/mL trypsin (Trypsin Gold, Mass Spectrometry Grade, Promega, Southampton, UK) in 50 mM acetic acid. 100 mL 40 mM NH 4 HCO 3 /10% acetonitrile was added to the gel pieces, which were incubated overnight at 37°C. The gel pieces were pelleted by centrifugation and the supernatant was collected in a fresh tube. Peptide extraction from the gel pieces was performed by adding 20 mL 5% formic acid and incubating at 37°C for 20 min, followed by addition of 40 mL acetonitrile and incubation for 20 min at 37°C. The gel pieces were pelleted by centrifugation, and the supernatant was combined with the first extract; this procedure was repeated twice. The peptide extracts were dried completely in a vacuum centrifuge and resuspended in a volume up to 50 mL of 98% H 2 O, 2% acetonitrile, 0.1% formic acid (HPLC solvent A) and loaded into screw top glass autosampler vials (Chromacol, Speck and Burke analytical, Clackmannanshire, UK).
LC-MS
Peptides were separated and analyzed using an Ultimate 3000 system (Thermo Scientific, Hemel Hemstead, UK) coupled to a 5600 TripleTOF (ABSciex, Warrington, UK) controlled by Chromeleon Xpress and Analyst software (TF1.5.1, ABSciex, Warrington, UK). Enrichment and desalting of the peptides was achieved using a C18 pre-column (C18 PepMap™, 5 μm, 5 mm Â 0.3 mm i.d., Thermo Scientific, Hemel Hemstead, UK) washing for 4 min with aq. 2% acetonitrile, 0.1% formic acid at 30 μL/min. The peptides were then separated on a C18 nano-HPLC column (C18 PepMap™, 5 μm, 75 μm i.d. Â 150 mm, Thermo Scientific, Hemel Hemstead, UK) at 300 nL/min using a gradient elution running from 2% to 45% aqueous acetonitrile (0.1% formic acid) over 45 min followed by a washing gradient from 45% to 90% aq. acetonitrile (0.1% formic acid) in 1 min. The system was washed with 90% aq. acetonitrile (0.1% formic acid) for 5 min and then re-equilibrated to the starting solvent. Ionization of the peptides was achieved with spray voltage set at 2.4 kV, a source temperature of 150°C, declustering potential of 50 V and a curtain gas setting of 15. Survey scans were collected in positive mode from 350 to 1250 Da for 200 ms using the high resolution TOF-MS mode. Information-dependent acquisition (IDA) was used to collect MS/MS data using the following criteria: the 10 most intense ions with þ2 to þ5 charge states and a minimum of intensity of 200 cps were chosen for analysis, using dynamic exclusion for 12 s, and a rolling collision energy setting.
To calculate the relative abundance of a given modified residue, the individual abundance values of each detected peptides containing the amino acid in both its modified and unmodified form were added together. Next, the abundances of the detected peptides containing the residue solely in its modified form were summed and divided by the total abundance value to obtain the relative abundance of the modification. Statistical analysis of activity data was performed with GraphPad Prism Software (GraphPad, San Diego, CA, USA) using two-tailed unpaired Student's t test (for multiple comparisons). p o0.05 was considered significant.
Label-free quantification with Progenesis QI for proteomics
Comparative quantification was performed using the Progenesis QI for Proteomics software (Non-linear Dynamics, Newcastle, UK). A total of 12 experiments were created, one for each set of gel bands excised from the lanes of the Coomassie-stained gel at the same molecular weight. For each experiment, LC-MS runs corresponding to peptides digested from each band across the lanes and corresponding to the proteins bound to the reduced and oxidized PTEN-GST were aligned against each other. The alignment reference was automatically chosen by the software and after automated alignment of the data additional vectors were added manually where necessary to improve the initial alignments. The feature normalization was set to normalize to all proteins, the automatic sensitivity method of the peak picking algorithm was set at default and the maximum allowable ion charge was set at 20. No peptide ion filtering was applied. The experimental design setup was set as Between-subject Design. The spectra were exported in .mgf format for database searching, and the search results were imported in .xml format after Mascot Database search for the identification of matched peptides. Any peptide showing a Mascot ion score below the threshold indicative of identity or extensive homology (p value o0.05) was removed from the feature identification list. Cytoskeletal keratin IDs were removed from the feature identification list. Only features that showed zero conflicts were used for quantification. Data obtained from the alignment of LC-MS runs correspondent to single fractions were then pooled into a multi-fraction experiment. Statistical analysis was performed using Progenesis QI for Proteomics using a onefactor ANOVA.
Database search
The Mascot s probability based search engine (Matrix Science, London, version 2.4.0) was used to interrogate SwissProt 2015-03 primary database [28] . For Mascot searches that was not automated through the Progenesis QI analysis, LC-MS .wiff file were converted into .mgf format using Peakview s (AB SCIEX). The 12 .
mgf files obtained the Progenesis analysis of each of the samples were searched for protein identification and for bait protein oxidative post-translational modifications (oxPTMs). For protein identification, a variable modification of methionine oxidation and a fixed modification carbamidomethyl cysteine were used. For the analysis of the oxPTMs of the bait, the variable modification lists included: methionine oxidation and dioxidation; cysteine oxidation, dioxidation and trioxidation, and tyrosine oxidation. Other parameters for the searches were as follows: Enzyme: Trypsin; Peptide tolerance: 70. 
Validation by Western blotting
Proteins resolved by SDS-PAGE were transferred onto PVDF membrane (Immobilion-P, Millipore, Watford, UK) in 25 mM Tris pH 8.3, 192 mM glycine, 10% methanol applying 30 V overnight at 4°C. The membrane was blocked in Tris buffered saline (TBS)-Tween blocking buffer (20 mM Tris pH 7.6, 137 mM NaCl, 0.05% Tween-20, 5% BSA) for 1 h, incubated in blocking buffer with monoclonal primary antibodies for Trx, Prdx1, Anxa2, or DDB1 at the working dilution of 1:1000 overnight at 4°C, washed extensively for 30 min (3 washes of 10 min each) with TBS-Tween and incubated with either HRP-linked anti-mouse or HRP-linked anti-rabbit secondary antibodies (working dilution 1:1000) for 1 h at room temperature. The membrane was washed again as described above and HRP-linked anti-mouse or HRP-linked antirabbit were detected using Life Technologies ECL kit according to the manufacturer's instructions. The membrane was scanned using a G:BOX system (Syngene, Cambridge, UK) running the GeneSys software (Syngene, Cambridge, UK). Next, the membrane was stripped in Restore Plus Stripping buffer (Life Technologies, Paisley, UK) for 15 min, washed as described above and reblocked in TBS-Tween plus 5% BSA. The monoclonal primary antibodies for PTEN was incubated with the stripped membrane in blocking buffer at the working dilution of 1:2500 for 1 h at room temperature, the membrane washed, and incubated with HRP-linked secondary antibody for 1 h at room temperature at the working dilution of 1:2500. After washing, HRP-linked antibody detection and scanning procedures were repeated as described above.
Results
Confirmation of reversible disulfide bond formation of H 2 O 2 -oxidized PTEN-GST
Purified PTEN-GST was prepared in the presence of high levels of DTT to maximize retention of catalytic activity, but was exchanged into non-reducing buffer prior to treatment with H 2 O 2 to allow oxidation. The buffer exchange had no significant effect on the catalytic activity, as monitored by the OMFP phosphatase assay ( Supplementary Fig. 1 ). The effect of oxidation in vitro with 1 mM H 2 O 2 on PTEN activity was measured using the OMFP phosphatase assay immediately before the immobilization of the bait protein onto glutathione sepharose beads. When PTEN was treated with 1 mM H 2 O 2 for 1 h, the phosphatase activity dropped dramatically, but was recoverable by subsequent incubation with 100 mM DTT (Fig. 1) . This confirmed that the oxidative inactivation was reversible, and is consistent with it being due to formation of an intramolecular disulfide bond between the catalytic cysteine Cys124 and regulatory cysteine Cys71 in the active site of the enzyme, as reported previously [10] . This reduced protein was used as a control in subsequent IP experiments as it should retain any non-reversible oxidation.
Identification of proteins affinity-captured by the reduced and oxidized PTEN-GST
The untreated PTEN bait protein was maintained in reducing conditions (100 mM DTT) during the immobilization step to prevent spontaneous oxidation, and to ensure direct correlation between PTEN redox status (reduced versus oxidized) and the results of the protein interaction analysis. However, no reducing agent was added to the HCT116 cell lysate used for the affinity-capture, in order to avoid further alteration of the redox status of potential interactors. Care was taken to keep the amount of protein immobilized consistent across the different baits used. The glutathione sepharose beads alone and with immobilized GST were also incubated with HCT116 lysate as negative controls. Proteins captured by the immobilized native and oxidized PTEN-GST bait and the controls mentioned above were initially analyzed by SDS-PAGE (Supplementary Fig. 2 ). Although there were limited bands visible in the Coomassie stained gel, small differences were observed in the oxidized PTEN-GST sample lane compared to the native PTEN-GST and GST and beads controls, especially for proteins between 50 and 60 kDa. The wash following bait immobilization was also analyzed in order to test the binding efficiency of the reduced and the oxidized PTEN-GST to the glutathione sepharose beads. The results ( Supplementary Fig. 2 ) suggest that in all cases we were able to saturate the resin for the affinity-capture, as traces of PTEN-GST were visible in the gel lanes loaded with the wash buffer from resin loaded with both reduced and oxidized PTEN-GST, reflecting the elution of unbound PTEN-GST.
Each gel lane was dissected into 12 approximately equal slices, trypsin digested and analyzed by LC-MS. Mascot (Matrix Science, v. 2.4.0) was used to identify proteins from all samples, and Progenesis QI for Proteomics software was used for label-free quantification analysis of the LC-MS data for the proteins bound to the reduced and the oxidized PTEN-GST samples. A total of 237 proteins were identified after Mascot database search of the data. The bait protein PTEN and its GST protein tag were identified with a high level of confidence in both reduced and oxidized fractions. Proteins that were also found in the bead and GST controls were removed from the list but are included in Supplementary Table 1. Of the 97 identified proteins from the remaining list, 27 that showed a confidence score above 50 and a number of unique peptides greater than or equal to 2 and p-and q-values o0.05 for the quantification are reported in Table 1 . The 70 proteins that showed a confidence score above 50 and a number of unique peptides greater than or equal to 2 but a q-value 4 0.05 are shown in Supplementary Table 2 , and those that were below this cutoff criteria are listed in Supplementary Table 3 . The overall false discovery rate reported by Mascot was 2.1%, which is reasonable for a small dataset.
Some of the interactors identified are highly abundant cellular proteins and have been reported before to show non-specific binding to beads, although they were not present in the controls in this study. These proteins included elongation factors, tubulin, myosins, histones, 60S and 40S ribosomal proteins, and heat-shock proteins; interestingly, almost all of these have been reported as interactors in previous proteomics studies of the PTEN interactome [29, 30] .
Potential novel interactors of PTEN
Some of the proteins identified as interactors correspond to proteins not previously identified as PTEN-binding proteins; these are indicated by "e" in Table 1 . Known interactors not commonly identified as associating with beads are indicated by "f" in the table. While no direct interaction of these proteins with PTEN has been shown to date, some of them are linked with the cellular pathways in which PTEN is known to be involved. A number are involved in DNA replication and DNA damage, including protein pelota analog (Pelo), DNA-damage binding protein 1 (DDB1) and polymerase delta-interacting protein 2 (PDIP2 or Poldip2). There are also a number of proteins associated with cytoskeletal structure and control, including spectrin α-chain (Spta1), myosin phosphatase Rho-interacting protein (MPRIP) and desmoplakin (Dsp). Other interesting potentially novel interactors include the multi-enzyme fatty acid synthase (FAS), A-kinase anchor protein 12 (AKAP12), and guanine nucleotide-binding protein G(i) subunit α and/or β (GNAIα/β).
PTEN binding proteins interact differently with reduced and oxidized PTEN-GST baits
Of the interactors identified, 14 showed a significant change in binding on oxidation-induced inactivation of the PTEN-GST bait, with p-and q-values o0.05 and greater than 2.5 fold change (Table 1 , bold entries). These interactors were all manually validated to confirm the quality of the identification and quantitative data; for example, annexin A2 (Anxa2, 6.8-fold change, pvalue ¼0.0118), PDIP2 (10.8-fold change, p-value o0.0001) and the actin-binding protein drebrin (Drb1) (4.8-fold change, pvalue ¼0.0180) showed substantially increased binding to the H 2 O 2 oxidized PTEN-GST.
Two proteins that showed high fold changes in binding to oxidized PTEN-GST were thioredoxin and thioredoxin peroxidase (peroxiredoxin-1; Prdx1), both of which are proteins with redox functions. A total of 6 Prdx1 peptides were detected, of which 5 unique peptides were used for quantification. Prdx1 was significantly more abundant in the sample eluted from the oxidized PTEN-GST than in the sample eluted from the reduced PTEN-GST (4.1-fold change, p-value ¼0.0233). Two unique Trx peptides were detected, and the protein was significantly more abundant (6.2-fold change, p-value ¼0.0065) in the protein fraction eluted from the oxidized PTEN-GST. Using Progenesis QI for proteomics we were able to verify the presence of the peptide features corresponding to the identified proteins listed in Table 1 and compare their intensities. Fig. 2 shows the three-dimensional maps zoomed into the features corresponding to the Prdx1 and the Trx peptides detected following elution of the proteins bound to the oxidized and reduced PTEN-GST baits.
Validation of selected interactions with Western blotting confirmed the proteomics study
Following screening of the identified proteins and alterations in their abundance between the sample eluted from the reduced and oxidized bait, a number of the more interesting interactors were selected for validation by Western blot, in order to confirm the interaction and the quantitative changes in binding to oxidized PTEN-GST. The GSH-affinity capture was performed with the DTTrecovered oxidized PTEN-GST as additional control for the validation of interactors. Prdx1, Trx, and Anxa2 were chosen for validation from the interactors that had altered binding to PTEN, and DDB1 as a novel interactor from those with unaltered binding, and their levels were compared across the protein samples eluted from the reduced, oxidized and DTT-recovered PTEN-GST against PTEN loading control (Fig. 3) . For all the proteins selected, the Western blot results were in agreement with the proteomics data and confirmed the comparative quantitative analysis between the oxidized and reduced sample. The levels of Prdx1 (Fig. 3A) , Trx (Fig. 3B) and Anxa2 (Fig. 3C) were visibly increased in the sample eluted from the H 2 O 2 -oxidized PTEN. Little or no signal was observed for those proteins in the samples corresponding to the reduced (untreated) and DTT-recovered PTEN, confirming, at a qualitative level, the significant difference observed by MS-based label-free quantification. No significant change in the levels of DDB1 were observed (Fig. 3D) , again in agreement with the proteomics-based analysis. None of the chosen interactions was detected in the samples eluted from the immobilized GST control nor from the glutathione sepharose beads alone.
Non-reducing gels to test for intermolecular disulfide formation
To explore the possibility that the association between proteins was mediated by intermolecular disulfide formation, the Western blot validation was also performed on non-reducing gels (Supplementary Fig. 4 ). If disulfide formation was responsible for the association then a band that blotted for both PTEN-GST and the associated protein should appear at the additive mass of the two proteins; specifically, 112 kDa for Anxa-2-PTEN-GST, 96 kDa for Prdx1-PTEN-GST, and 86 kDa for Trx-PTEN-GST. No bands were identified at these masses (as indicated in Supplementary Fig. 4 ). Some additional bands were apparent, but these appear to be oligomers of the captured proteins.
Relative quantification of oxPTMs of the oxidized PTEN-GST bait
After quantification and validation of the affinity-captured interactors, a Mascot database search was performed on the aligned LC-MS runs to check for any oxidative post-translational modifications (oxPTMs) that occurred to the PTEN-GST bait following oxidation with hydrogen peroxide and affinity capture of proteinprotein interactions, and might also have affected any interactions. Given the concentration of hydrogen peroxide used to inactivate PTEN (1 mM), we did not expect the treatment to generate major modifications other than the formation of the Cys71-Cys124 disulfide bond. The aligned features identified across three The data was obtained from the analysis of three independent GSH-affinity experiments. The list was restricted to the protein hits showing a confidence scoreZ 50 and a number of unique peptides Z2 and a p-and q-value o0.05. Ranking is based on q-values. Bold indicates more than 2.5-fold change in abundance depending on PTEN redox status. a Accession ¼SwissProt Protein ID. b Peptide count ¼the number of detected peptides (the number of unique peptides) used for quantification. c The protein confidence score was generated using Mascot as described in the experimental methods. d The p-value, q-value and fold change were generated by Progenesis QI for proteomics as described in the experimental methods. e Indicates proteins not previously identified as PTEN interactors. f Indicates proteins that appeared to be PTEN interactors (i.e. were not found in controls) but have also been found as common non-specific interactors in bead-based affinity enrichments.
independent GSH-affinity enrichment experiments were searched for methionine oxidation and dioxidation, cysteine oxidation, dioxidation and trioxidation, and tyrosine oxidation. A total of 4 PTEN peptides and 6 GST peptides were found to be oxidatively modified (Table 2) . Interestingly, Met134 of PTEN was substantially oxidized in both control and oxidized PTEN, but there was no significant difference between the two, and a number of GST peptides also showed significant oxidation in both samples. The only significant increase in oxidation following treatment was at Met35 of PTEN in the peptide YQEDGFDLDLTYIYPNIIAMGFPAE. Overall, these results suggest that apart from the formation of the regulatory disulfide, the oxidative treatment caused minimal additional oxidative modifications to the PTEN-GST.
Discussion
In this study we have carried out the first comprehensive analysis of the redox proteome of PTEN. We have identified a number of proteins whose interaction with PTEN appears to be dependent on the PTEN redox status, specifically, increased for oxidized PTEN, and we have also identified a number of potentially novel PTEN interactors.
The observed 4 95% oxidative-induced inactivation of the bait protein was in agreement with previous studies reporting the effect of 1 mM H 2 O 2 on PTEN phosphatase activity [12] , and the DTTinduced reversibility of the inhibitory effect is good evidence of the involvement of the regulatory disulfide in PTEN-GST inactivation, as previously discussed by Lee et al. [10] . The oxidant type and concentration were chosen to maximize the formation of the regulatory disulfide bond between Cys71 and Cys124 while minimizing oxidation of other amino acids. It is important to bear in mind that the concentration of H 2 O 2 used to generate the PTEN disulfide in the in vitro studies described here may differ significantly from that needed to show similar effects in vivo, and the use of exogenous H 2 O 2 in studying signal transduction needs to be undertaken with some care [31] . Mass spectrometric analysis and quantification of oxidation of susceptible amino acids (methionine, cysteine) indicated that treatment with 1 mM H 2 O 2 caused very little change in the oxidation levels of oxidation of PTEN or GST, apart from a small increase in the oxidation of one residue, Met35 of PTEN, to around 14% (Table 2) ; this residue is distant from the active site and not surface accessible. Given this, and the full restoration of the activity of the oxidized protein on DTT treatment, it is reasonable to assume that this modification was not responsible for the loss of function. It also seems unlikely that it contributed significantly to the observed changes in PTEN interacting proteins, especially as the changes in interactions were reversible by DTT according to the Western blotting validations.
HCT116 cells were chosen as a source of prey proteins for the affinity capture as this cell line has previously been demonstrated to be a suitable model to study the action of PTEN, as it is a widelyused epithelial cell cancer model, has two wild-type alleles of PTEN, and haploid and diploid knockouts are available for downstream mechanistic studies [32, 33] . Cells were grown under normal conditions to assess the interactions affected by PTEN oxidation alone, and it is likely that lysates from stressed cells or other cell lines would show some differences in the interactome. Protein interactions were determined by MS-based proteomic techniques using immobilized PTEN in reduced and oxidized states along with appropriate controls. Four of the interactions, 3 redox sensitive (Prdx1, Trx, Anxa2) and 1 redox insensitive (DDB1), were confirmed by Western blotting. To rule out intermolecular disulfide formation through disulfide exchange with the PTEN being responsible for the interactions, the blotting was also performed from a non-reducing gel. If disulfide formation was responsible, a band that blots for both PTEN-GST and the target protein should be apparent at the combined mass of the proteins. These would be approximately 96 kDa for Prdx1, 86kDa for Trx and 122 kDa for Anxa2. There was no evidence of bands at these masses in the blots. In addition, intermolecular disulfide formation would be a relatively non-selective process and under equilibrium, hence one might expect rather more proteins to become disulfide bound to PTEN, especially the very abundant proteins with known reactive thiols such as GAPDH, SOD and the HSPs, and other abundant proteins that have been shown to form disulfides under oxidative stress conditions, such as actin and tubulin to be present in increased amounts in the oxidized sample (see for example [34] ). The majority of the 93 interactors reliably identified show no change in binding between the samples, and the proteins with reactive thiols mentioned above either showed differences or were not present at all. Also, under the equilibrium conditions of the experiment, one might expect those proteins that have resolving thiols, such as PTEN and thioredoxin, where the equilibrium would lie to the intra rather than intermolecular disulfide (strong entropic drive), not to favor intermolecular disulfide formation. However, if intermolecular disulfides were formed between proteins under conditions of oxidative stress, this would be a good indication both of proximity and of redox sensitivity of the proteins, and the formation of these covalent associations could have significant implications for redox signaling.
It was interesting that significant increases in the binding of the redox proteins Prdx1 and Trx1 to the oxidized (inactive) PTEN-GST were observed. Prdx1 is a non-selenocysteine peroxidase that is known to catalyze the reduction of H 2 O 2 , protecting the cells from oxidative damage to DNA, lipids and proteins [35] . PTEN has previously been reported to interact with Prdx1, which seems to play a key role in protecting the phosphatase from H 2 O 2 -induced oxidative damage, as it fully restored PTEN activity in the presence of hydrogen peroxide [20] . Cao et al. suggested that Prdx1 binds PTEN through interaction with its C2 domain (aa 186-274), and they described a decreased binding of Prdx1 to PTEN when cells were treated with high concentration of H 2 O 2 [20] , which at first sight appears to conflict with the findings in our study. However, it has been proposed that this may be due to oxidative damage to Cys51 in Prdx1 resulting in dissociation of the PTEN/Prdx1 complex [20, 36] , and as our in vitro inactivation of PTEN does not involve direct oxidation of Prdx1, but rather the targeted formation of the regulatory disulfide, our data suggest that the binding of Prdx1 to PTEN is increased on formation of the regulatory disulfide. It is also possible that other interactors may contribute to the protection observed in cells and that it may be dependent on the presence of redox cofactors.
A second significant increase was seen for the antioxidant thioredoxin-1 (Trx). Trx, which also bound preferentially to oxidized PTEN bait protein, is generally thought to responsible for the reactivation of PTEN via reduction of the disulfide bond between Cys71 and Cys124 of PTEN with a thiol-disulfide exchange mechanism [10, 11, 37] . The increased abundance of Trx affinity captured with the oxidized PTEN-GST bait suggests that the formation of the PTEN:Trx complex is dependent on the redox status of PTEN. It has been reported previously that redox status of Trx is also important in the PTEN/Trx interaction [19] , as it was shown that reduced but not oxidized Trx binds the C2 domain of PTEN via a disulfide bond with PTEN Cys212, causing inhibition of the phosphatase and resulting in increased tumorigenesis. Overall, these findings imply that the redox status of both Trx and PTEN are important in the regulation of the interaction, and additional studies would be required to fully understand the dynamics of Trx-mediated PTEN reactivation in vivo.
Interestingly it has been shown that in macrophages treated with ATP, which results in the production of reactive oxygen species, PTEN is glutathionylated causing the activation of Akt and Erk1 [38] , and both Trx and Prdx1 are also glutathionylated under oxidative stress conditions [39, 40] . The enzymes responsible for the inactivation and reactivation of PTEN via glutathionylation have not been identified, but given the changing interactions of Trx and Prdx1 demonstrated in our study, it is possible that these enzymes are involved in this complex redox control.
PTEN has been shown to play an important role in the control of the actin cytoskeleton, especially through PtdIns(4,5)P 2 [41, 42] , and a number of the identified protein interactors are also associated with the functioning of the actin cytoskeleton. AnnexinA2 (Anxa2), which appears to bind more strongly to oxidized PTEN-GST, is a previously identified PTEN interactor [17] , and it has been shown that PTEN co-localizes on the apical surface of polarized cells along with Anxa2 and the small GTPase Cdc42, which plays a role in regulating epithelial morphogenesis [43] . The authors also showed that Anxa2 binds PtdIns(4,5)P 2 at the apical surface, and noted the potential involvement of PTEN in the depletion of PtdIns(4,5)P 2 from PtdIns(3,4,5)P 3 . The exact molecular mechanism responsible for the PTEN/PtdIns(4,5)P 2 /Anxa2 network is still unclear, but may involve a direct association between Anxa2 and PTEN in the apical domain for the recruitment of PtdIns(4,5)P 2 to the apical surface. Another actin-binding protein, drebrin (Dreb), for which the interaction with PTEN has previously been observed in neurons [44] , was also found more highly associated with oxidized PTEN-GST. PTEN has been proposed as a negative regulator of the phosphorylation of Dreb at Ser647, and the formation of the complex PTEN:Dreb seems to be inversely correlated to neuronal activity [44] . Nonetheless, a relationship between the redox status of PTEN and the molecular dynamics of the PTEN:Dreb complex has not previously been reported, and the mechanism by which PTEN binds Dreb seems to be independent of PI3K signaling. We also observed that the binding of spectrin alpha chain (non-erythrocytic 1, Spta1) to oxPTEN was significantly increased. Sptn1is involved in actin crosslinking and scaffolding to the cytoskeleton [45] helping to stabilize the plasma membrane and in the organization of intracellular organelles. Myosin phosphatase Rho-interacting protein (MPRIP), which targets myosin phosphatase to the actin cytoskeleton [46] , and utrophin (Utro), which is an actin binding protein that plays an important role in the role of the cytoskeleton in the neuromuscular junction formation [47] , also appeared to be interactors of PTEN that show no difference in association between oxidized or reduced PTEN-GST. PTEN has been shown to play a number of roles in neuronal cell function and development, and to localize to specific regions in neuronal cells rich in cytoskeleton, such as the growth cone and dendritic spine [48] .
Another group of potentially interacting proteins are associated with DNA damage and repair, chromosomal segregation and genomic stability, and a role in DNA damage repair and response has been proposed for PTEN [49] , although the knowledge of the molecular mechanism is currently limited [49] . PDIP2 (aka PDIP38) shows stronger association with oxidized PTEN, has been shown to interact with DNA polymerase delta (p50), and is involved the ability of the replication fork to pass DNA lesions, important in cell cycle control and chromosomal replication [50] . PDIP2 has also been reported to increase the activity of Nox4, a NADPH oxidase that has been identified as the main source of H 2 O 2 production in non-phagocytic cells [51] . Nox4 has been shown to be activated by PtdIns(3,4,5)P 3 , which triggers the increased generation of H 2 O 2 resulting in the oxidation of PTEN [11] . Interestingly, our study has shown a 410-fold increase in binding of PDIP2 to the oxidized PTEN-GST, suggesting that this protein might be involved in the ROS-mediated signaling cascade responsible for PTEN inactivation. Protein pelota homolog (Pelo), which by homology to the Drosophila protein has been associated with chromosomal segregation during cell division and genomic stability [52] , also showed significantly increased binding to oxidized PTEN. Pelo has also been shown to regulate HER2 signaling via the PI3K/Akt pathway [53] . PTEN has been reported to play a key role in chromosomal stability and genetic integrity through a number of interactions, including with Rad51 in the control of double-strand breaks [54] , commonly caused as a result of cellular oxidative stress. DNA-damage binding protein-1 (DDB1) is a potentially novel PTEN interactor that showed no difference in binding between reduced and oxidized PTEN-GST. The interplay between the PI3K/Akt pathway and the excision nucleotide pathway, of which DDB1 is a member, has been shown in human epithelial cells [55] .
Other potentially interesting novel PTEN interactors were also identified. The interactions with GNAI1/2 appeared to be significantly stronger to the oxidized protein. GNAIs are members of the Gαi family, and inhibit adenylate cyclase, playing a key role in the control of cellular proliferation and differentiation [56] , processes in which PTEN also plays an important role. Fatty acid synthase (FAS) has also been linked to the Akt/PI3K pathway; a close correlation has been demonstrated between the overexpression of FAS and the loss of PTEN in HCC tissue [24] , and PTEN seems to be involved in the regulation of FAS through the inhibition of Akt [57] . AKAP12 is a scaffold protein involved in the regulation of PKA and PKC in G-protein coupled receptor signaling [58] . Although the interaction of these two proteins with PTEN-GST did not appear to be redox-sensitive, they may nevertheless have an important role in metabolic regulation and cell survival.
Protein-protein interactions (PPIs) have been shown to play a major role in the biological mechanism behind many human diseases and are currently considered a promising target for the discovery and development of new drugs [59, 60] . Here we provide the first report on the redox-sensitive interactome of the tumor suppressor protein PTEN. Our data showed that protein interactions with PTEN are significantly affected by its reversible oxidation, most probably the formation of the inactivating regulatory disulfide in PTEN. The in vitro affinity capture of proteins from cell lysates by reduced and oxidized PTEN in combination with labelfree quantitative mass spectrometry has provided a valuable tool for the study of PTEN interactome under oxidative stress. We believe this method can be usefully implemented to measure the protein levels in complex biological mixtures in order to interpret MS-based proteomics datasets and has identified a new paradigm in the regulation of protein-protein interactions. The redox-alteration of the PTEN interactome is likely to play an important role in PTEN-mediated signaling, and may contribute to changes in cell function in diseases, including cancers.
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